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6.1 Introduction

The constant evolution of optical microscopy over the past century has been driven
by the desire to improve the spatial resolution and image contrast with the goal to
achieve a better characterization of smaller specimens. Numerous techniques such
as confocal, dark–field, phase–contrast, Brewster angle and polarization microscop-
ies have emerged as improvement of conventional optical microscopy. Being a pure
imaging tool, conventional optical microscopy suffers from its low physical and
chemical specificity. This can be remedied by combining it with spectroscopic tech-
nique like fluorescence, infrared or Raman spectroscopy. Such microscopes have
been successfully applied to the study of a wide range of materials with good spec-
tral resolution. However their spatial resolution is restricted by the diffraction limit
imposed by the wavelength of the probe light. In infrared microscopy, for instance,
the lateral resolution is a few microns which is insufficient to resolve sub–micron
structures. Conventional microscopy also does not provide microscopic information
about the real surface structure of a specimen. Even in reflection geometry, they can
only probe the structure of a surface layer averaged over a thickness of a reduced
wavelength. Furthermore, they are insensitive to the polar organization of molecules
in the layer although this could be important. In biophysics, for example, it is inter-
esting to know the polar orientation of molecules adsorbed on a membrane and its
influence on the membrane physiology.

In this context, nonlinear optical measurements used in conjunction with micro-
scopy observation have created new opportunities [1]. Second–order nonlinear pro-
cesses such as second harmonic (SH) or sum frequency generation (SFG) are highly
surface–specific in media with inversion symmetry and uniquely suited for in–situ
real–time investigation of surfaces and interfaces [2–4]. With their sub–monolayer
surface sensitivity, SHG and SFG microscopies can be used to characterize inhomo-
geneities, impurities, formation of domains on surfaces or buried interfaces by map-
ping out the spatial variation of nonlinear susceptibilities at the interfaces. They are
also sensitive to the orientation and distribution of molecules useful for evaluation
of the structure and reactivity of a surface [5,6]. Third–order processes such as third
harmonic generation (THG), coherent anti–Stokes Raman scattering (CARS) and
two-photon excited fluorescence (TPEF) microscopies are of interest for the study
of buried structures [7–9]. Because the output of second– and third– order processes
scales, respectively, with the square and the cube of the excitation intensity, the focal
excitation volume is greatly reduced, enhancing the depth resolution and reducing
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the out–of–focus background noise. This simple idea has stimulated the develop-
ment of THG, CARS and TPEF microscopies in an effort to image buried structures
in transparent materials or in biological tissues with a three dimensional sectioning
capability. Using ultra–short pulses (10−12–10−15 s) CARS has also been demon-
strated to be a possible technique to probe the interior of living cells in real time
[10].

Vibrational spectra are known as fingerprints of molecules. Nonlinear optical
microspectrometry finds more interest in the mapping of localized domains via vi-
brational resonances. Microscopy with infrared (IR)–visible (Vis) sum frequency
vibrational spectroscopy allows imaging of molecule–specific domains at a surface.
Using a conventional far–field microscope, it can have a spatial resolution one or-
der of magnitude better than Fourier–transform infrared microspectrometry. CARS
microscopy also provides vibrational identification of chemical species and is an
alternative way to conventional Raman confocal microscopy. Microspectrometry in
the electronic transition region is also useful. Multiphoton fluorescence microscopy
is becoming a standard technique for biological research [11]. In contrast to one–
photon–excited fluorescence, multiphoton–excited fluorescence allows the use of
input radiation in the transparent region of a sample and is capable of probing the
interior structure of the sample with little laser–induced damages.

This brief introduction to nonlinear optical microscopy would be incomplete
without mentioning the recent development in combining nonlinear optical meas-
urements with near–field scanning optical microscopy (NSOM) techniques. In the
past several years a growing number of studies of NSOM–SHG/SFG, NSOM–THG
and NSOM–TPEF have been reported [12–15]. The spatial resolution of such op-
tical microscopy is limited by the tip apex radius of the optic fiber; it varies from
20 to 200 nm depending on the techniques. In such an experiment, the sample–tip
distance is maintained constant by using a feedback mechanism, which then also
yields the surface topographical information. The latter can be correlated with the
nonlinear NSOM result on specific molecular properties of the sample with a high
spatial resolution. With short laser pulses, transient properties of nanostructures can
also be probed.

In this chapter, we review a number of nonlinear optical techniques combined
with microscope measurements that have been developed in recent years. We will
describe separately, SHG, SFG, THG, CARS and multiphoton fluorescence micro-
scopies. For each technique, we will first recall the underlying principle and describe
the typical optical setup. We will then focus our interest on several chosen examples
taken from the literature. Finally, the resolution limit as well as possible improve-
ments of the various techniques will be discussed.

6.2 Second Harmonic Nonlinear Microscopy

6.2.1 Basic Principle of SHG

We describe here briefly the basic principle of SHG and the extension to the case of
a strongly focused fundamental input beam. Details can be found elsewhere [16,17].



6 Nonlinear Optical Microscopy 17

SHG originates from a nonlinear polarization P(2)(2ω) induced in a medium by an
incoming field E(ω):

P(2)(2ω) = ε0
←→χ (2) : E(ω)E(ω), (6.1)

where ε0 is the vacuum permittivity and←→χ (2) denotes the nonlinear susceptibility of
the medium. If the medium has inversion symmetry, then←→χ (2) for the bulk vanishes
under the electric dipole approximation. At the surface or interface, however, the
inversion symmetry is necessarily broken, and the corresponding←→χ (2)

S is non–zero.
This indicates that SHG can be highly surface–specific . As a result, SHG has been
developed into a useful tool for many surface studies [18,19].

For SHG in reflected direction from a surface or interface, it has been shown
that the output signal is given by

S (2ω) =
(2ω)2

8ε0c3 cos2 β

∣∣∣χ(2)
eff

∣∣∣2 [I(ω)]2 AT, (6.2)

where β is the exit angle of the SH output, I(ω) is the beam intensity at ω, A is the
beam area at the surface, T is the input laser pulse–width, and
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=

(←→
L 2ω · ê2ω

)
· ←→χ (2)

S :
(←→

L ω · êω
) (←→
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)
, (6.3)

with êω being the unit polarization vector and
←→
L ω the Fresnel factor at frequency

ω. The surface nonlinear susceptibility←→χ (2)
S is related to the molecular hyperpolar-

izability←→α (2) by a coordinate transformation
(
χ(2)

S

)
i jk

= NS

∑
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[
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〈
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, (6.4)

where i, j, k and i′, j′, k′ stand for the laboratory and molecular coordinate axes, the
angular brackets refer to an average over the molecular orientational distribution,
and NS is the surface density of molecules. At a surface of high symmetry, only a
few (χ(2)

S )i jk elements are independent and nonvanishing. They can be determined
from SHG measurements with different input/output polarizations. From (χ(2)

S )i jk

together with knowledge of α(2)
i′ j′k′ , an approximate orientational distribution of the

molecules could be deduced.
From (6.4), it is seen that spatial variation of molecular species, molecular dens-

ity, and molecular orientation and arrangement can lead to spatial variation of←→χ (2)
S .

Such variation on the micrometer or nanometer scale could be probed by SHG mi-
croscopy.

The above theoretical description of SHG assumes the usual plane–wave ap-
proximation. However, SHG microscopy often requires a strongly focused input
laser beam. Obviously, (6.2) for SHG output has to be modified by a geometric
factor to take into account the focusing geometry. Fortunately, this geometric factor
should remain unchanged as the focal spot scans over a flat surface, and therefore
the spatial variation of the SHG output should still reflect the spatial variation of
|χ(2)

eff
|2 over the surface, yielding a surface microscope image.
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Geometries for Second Harmonic Far–Field Microscopy The first experiments
of second harmonic microscopy were performed in the middle of the seventies by
Hellwarth and Christensen [20]. In these experiments, grain structures and defects
localized at the surface of thin films of nonlinear materials (ZnSe, GaAs, CdTe) were
imaged by the second harmonic signal (λ = 532 nm) generated in the transmitted
direction using a nanosecond pulsed Nd:YAG laser. Boyd and coworkers [21] first
demonstrated the possibility of SH microscopy imaging of a surface monolayer.
Even with a crude focusing and scanning setup, they were able to observe SHG
in reflection, with a spatial resolution of several microns, from a hole burned in
a Rhodamine 6G monolayer deposited on a silica substrate. Later, Schultz et al.
[22,23] used SH microscopy to study surface diffusion of Sb adsorbates on Ge. They
adopted the parallel imaging scheme with a photodiode array. The spatial resolution
limited by the pixel size of the 2–D detector was estimated to be ∼ 5 µm. With
the use of a 5 ns and 10 Hz pulsed Nd:YAG laser beam as the pump source, an
acquisition time of 5–10 minutes was required.

In recent years, tremendous progress on laser technology, imaging systems, pho-
todetectors and scanning devices has been made. This facilitates the development of
SH microscopy. On the other hand, growing interest in surfaces, surface monolayers
and thin films has also fostered the interest in SH microscopy [24]. The technique
has been applied to the study of a wide range of surfaces and interfaces including
Langmuir monolayers at the air–water interface [25], multilayers assemblies [26],
self assembled monolayers [27], metallic [28] and semiconductors surfaces [29–31],
nonlinear optical materials [32–34], and biomembranes [35–38].

Using a nsec Q–switched Nd:YAG laser and a CCD detector array, Flörsheimer
and coworkers has developed SH microscopy in various geometries (Fig. 6.1a–d)
and applied it to Langmuir monolayers [5,39–42]. Variation of the polarizations of
the input and output beams allows the determination of polar orientation of mo-
lecules in microdomains. As examples, the SH microscopy images of a Langmuir
monolayer of a 2–docosylamino–5–nitropyridine (DCANP) on water are displayed
in Fig. 6.1e and f. They were obtained with the beam geometry described in Fig.
6.1d and the input/output polarization combinations depicted in Fig. 6.1g and h,
respectively. A domain size of a few µm can be easily resolved.

In simple cases like 2–docosylamino–5–nitropyridine (DCANP), the nonlinear
polarizability of the molecules can be approximated by a single tensor element α(2)

zzz
along the molecular axis ẑ. If the molecules are well aligned in a monolayer do-
main, then the nonlinear susceptibility of the domain is also dominated by a single
tensor element χ(2)

Z′Z′Z′ along the alignment direction Ẑ′. In this case, the s–in/s–out
polarization combination of SHG probes an effective nonlinear susceptibility

∣∣∣χ(2)
eff

∣∣∣
ss =

∣∣∣FZZχ
(2)
ZZZ sin3 φ

∣∣∣ =
∣∣∣FZZχ

(2)
Z′Z′Z′ cos3 θ sin3 φ

∣∣∣ , (6.5)

where θ is the tilt angle of Ẑ′ from the surface plane, φ is the angle between the
incidence plane and Ẑ, which is the projection of Ẑ′ on the surface, and FZZ is the
product of the three relevant Fresnel factors (see (6.3)). The beam geometry of Fig.
6.1g corresponds to such a case.



6 Nonlinear Optical Microscopy 19

w

2w

2w

w

Interface

Beam
splitter

w

2w

w

Interface

w

2w

w

Mirror

Prism

Microscope
Objective

a) b)

c) d)

2w

ww

g)

2w

ww

h)

Fig. 6.1. (a,b,c,d) Schemes of the second harmonic microscopes using various geometries.
(e,f) SH micrographs of a DCANP Langmuir film at the surface of water. Image (e) is ob-
tained using the ss polarization configuration (g) while image (f) is obtained using the pp
polarization configuration (h) [5]

For the beam geometry of Fig. 6.1h, the effective nonlinear susceptibility de-
duced is

∣∣∣χ(2)
eff

∣∣∣
pp =

∣∣∣FZZ cos2 β1 cos3 φχ(2)
ZZZ + FZY sin2 β1 cos φχ(2)

ZYY

∣∣∣
=

∣∣∣∣
(
FZZ cos2 β1 cos3 θ cos3 φ + FZY sin2 β1 cos θ sin2 θ cos φ

)
χ(2)

Z′Z′Z′

∣∣∣∣ ,
(6.6)

where β1 is the incidence angle of the fundamental input, FZZ and FZY are the re-
spective products of Fresnel factors, and z − y defines the incidence plane. It is seen
from (6.5) that the Z direction can be determined from the variation of SHG with
φ with the s–in/s–out polarization. Then from (6.5) and (6.6), χ(2)

Z′Z′Z′ and θ can be
deduced if β1 is known and (χ(2)

eff
)ss and (χ(2)

eff
)pp are measured. Thus the various

domains in Fig. 6.1e and f clearly correspond to domains of different molecular
alignments.

SH microscopy has also been used to probe three dimensional structures of bio-
logical tissues and defects in materials. In this case, SHG originates from the fo-
cal region in the bulk. Using a reflection geometry and femtosecond pulses from a
mode–locked dye laser, Guo et al. [43] have obtained SH images of skin tissues.
In their setup, a 27× microscope objective was used for both excitation and col-
lection of SHG, and the sample was mounted on a XYZ stage for lateral and axial
movement, allowing 3–D imaging of a fascia membrane and muscle attached to
the biological tissue. Interpretation of the images in term of molecular organization
could be improved by analyzing the polarization dependence of the collected signal.
In the case of the muscles tissues, in–vivo investigations could also be of interest to
monitor the physiological change of the fibrils membranes under stress.

Gauderon et al. [44] have used femtosecond pulses from a Ti:sapphire laser to
obtain by reflection 3–D SH microscopy images of lithium triborate (LBO) crys-
tal fragments embedded in agar. The experimental arrangement in shown in Fig.
6.2a. The sample on the scanning stage was scanned by the focused laser beam
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both laterally and axially. A typical image is presented in Fig. 6.2b describing a
scanned volume of 70 µm × 70 µm × 30 µm. Terraces, isolated microcrystallites
and columnar arrangements of the crystal fragments are clearly observed. The spa-
tial resolution of the image depends on the dimensions of the focal point. Since
SHG is proportional to the square of the local fundamental input intensity, the ef-
fective point–spread function of the SH output is smaller than that of the input by a√

2 factor allowing a resolution of 0.61λ/(
√

2NA), where λ is the input wavelength
and NA denotes the numerical aperture of the focusing lens. With λ=790 nm and
NA = 0.8 this lead to a spatial resolution of 0.4 µm, that is comparable to the max-
imum resolution obtained in confocal linear optical microscopy. It could be further
improved using a confocal pinhole in the detection optics.

Fig. 6.2. (a) Optical setup used for SH tomographic imaging in the reflectance mode. BS:
beam splitter, HBS: harmonic dichroic filter, L: lens, M: mirrors, O: objective, P: prisms,
S: sample. (b) 3–D second harmonic generation(70 µm × 70 µm × 30 µm) of lithium trib-
orate crystal fragments. Terraces (A), isolated crystallites (B), columnar stacking (C), can be
identified [44]

6.2.2 Coherence Effects in SH Microscopy

In SH microscopy, interferences from various features on the surface and/or back-
ground can lead to severe distortion of the SH image although, in most studies, such
effects have not been taken into account. Parallel (non–scanning) SHG imaging us-
ing a 2–D detector array, for example, could suffer from interferences between con-
tributions originating from different sites of the sampled area. On the other hand,
despite longer acquisition time, the local nature of a scanning focused fundamental
beam reduces interference effects and the morphology interpretation of images is
generally more straightforward [45].

However, even if the fundamental beam is tightly focused, the coherent nature
of SHG implies that the sample signal can still be distorted by background contri-
bution from sources other than the sample [46]. To cancel a uniform background
contribution, one can insert a NLO crystal in the optical pathway [45,47]. By ad-
justing the crystal orientation properly, it is possible to generate a SH field from the
crystal with proper phase and amplitude to cancel the background SH field. Figure
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6.3 shows an example. The original SH microscopy image of a damaged area of
Si–SiO2 interface has two minima and a central peak. After the background sup-
pression, only the central peak with a slightly larger width is observed. The same
background correction scheme may not work with the parallel imaging method if
the background contribution is non–uniform over the probed area.

Fig. 6.3. (a) SH signal profile of a damaged area before correction of the background contri-
bution. The step size is 4 µm and the dwell time at each sample spot was 5 s. (b) Damaged
area after background compensation [47]

One can utilize the interference effect to obtain phase–contrast microscope im-
ages. In a recent experiment, Flörsheimer et al. [48] coherently mix the SH wave
generated from a sample (interface) with the reference SH wave from a crystalline
quartz plate. The resultant SH wave has a spatial intensity variation depending on
cos[(φS(r) − φR] where φS and φR are the phases of the SH waves from the sample
and the reference, respectively. The microscope image then reflects the spatial vari-
ation of φS(r), which can provide additional information concerning the sample.

6.2.3 Scanning Near–Field Nonlinear Second Harmonic Generation

Far–field SH microscopy still has a spatial resolution limited to µm2. Incorporation
of near–field optics in SH microscopy overcomes the diffraction limit and allows
studies of nanosructures. Near–field SHG measurements on rough metallic surfaces
[49], ferroelectric domains [50], piezoceramics [51], and LB films [12] have been
reported.

The first near–field SHG images were obtained by Bozhevolnyi et al. [12,52].
Their experimental setup (Fig. 6.4a) is a NSOM with a shear–force–based feedback
system. The femtosecond fundamental input pulses from a mode–locked Ti:sapphire
laser irradiate the sample through a single–mode fiber with an uncoated sharp tip,
and both the fundamental and the SH output in the transmitted direction are collec-
ted by photodetectors. The fiber tip has its axial position controlled by the tuning
fork sensor technique [53]. The scheme then allows the mapping of surface topo-
graphy with a few nm resolution like that in atomic force microscopy when the
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sample surface is scanned. The topography can be correlated with the observed spa-
tial variations of the fundamental and SH outputs from the sample. As an example,
Fig. 6.4b presents the three images of a LiNbO3 crystal with three small scatter-
ers on it. All the three images display the presence of the unidentified particles at
the surface. In the fundamental and SH images, the particles appear as dark spots.
The decrease of signals over the particles is presumably due to scattering loss as
the tip moves over the particles. The observed lateral resolution of SH–NSOM was
around 100–150 nm in the experiments that map the domain edges of a Langmuir–
Blodgett film [12,52] and a quasi–phase matching crystal [54]. Similar resolution
was obtained by Smolyaninov et al. [51].

DL PD

L

BS

F

Ti:sapphire

He:Ne
M

BS
L

PT

PMT 2w

PD w

S

Tip

a)

Fig. 6.4. (a) Experimental setup for local probing of second–order susceptibilities with a
near–field optical microscope. BS: beam splitters, M: mirror, L: micro–objectives, S: sample,
PT: piezo translators, DL: diode laser, PD: photodiodes, F: filter and PMT: photomultiplier
tube. The detected second harmonic power versus the pump power squared is shown in the
inset. (b) Topography, fundamental and SH near–field images (2.5 × 3 µm2) of a LiNbO3

crystal with corresponding cross–sections of these images. The images were recorded simul-
taneously with a total acquisition time of 9 minutes [52]

There are many variations of beam geometry in SHG–NSOM. With the funda-
mental input incident on a sample through a fiber tip, the SH output can be detected
either in the transmitted and reflected direction. It is also possible to use a fiber tip
to collect near–field SHG from a sample which is broadly illuminated by the fun-
damental input. One can also have SHG in an evanescent mode and use a metal tip
close to the sample surface to induce a SH leak from the surface.

As is true for all NSOM, the theoretical description of SHG–NSOM is difficult.
The attempts to model SHG–NSOM have been reported recently [55–57]. The SH
signal depends in a complicated way on the polarization of the fundamental field,
and multiple scattering of both the fundamental and the SH waves in the medium
must be taken into account. Thus, unlike in far–field SHG, little information can be
deduced from the polarization dependence of SHG–NSOM. Near–field SHG from
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mesoscopic structures using either the tip illumination mode [58] or the tip collec-
tion mode [59] has been described by a self–consistent integral equation formalism.
The calculation shows a strong localization of the SH field around the mesostruc-
tures in both lateral and axial dimensions. This strong 3–D localization of SHG is
of particular interest to imaging of nanostructures with a NSOM.

6.3 Sum Frequency Generation Microscopy

6.3.1 Basic Principle of Sum Frequency Generation
As a second–order nonlinear optical process, sum frequency generation (SFG) is
also highly surface–specific in media with inversion symmetry, and can be used
as a surface probe. The IR–Vis SFG has already been developed into a powerful
surface vibrational spectroscopic technique [60,61]. In IR–Vis SFG, a visible laser
pulse (ωVis) overlaps with a infrared pulse (ωIR) at a surface and induces a nonlinear
polarization P(2) at the sum frequency ωSF = ωVis + ωIR:

P(2)(ωSF = ωVis + ωIR) = ε0
←→χ (2) : E(ωVis)E(ωIR), (6.7)

which radiates and generates the SF output. As in SHG (6.2), the SF output in the
reflected direction is given by:

S (ωSF) ∝
∣∣∣χ(2)

eff
(φ)

∣∣∣2 I(ωVis)I(ωIR)AT, (6.8)

with

χ(2)
eff

(φ) =

(←→
L ωSF · êωSF

)
· ←→χ (2)

S :
(←→

L ωVis · êωVis

) (←→
L ωIR · êωIR

)
(6.9)

and ←→χ (2)
S is related to the molecular hyperpolarizability ←→α (2) by (6.4). If ωIR is

tuned over vibrational resonances, ←→α (2) must exhibit corresponding resonance en-
hancement and can be expressed in the form

←→α (2) =←→α (2)
NR +

∑

q

←→a q

(ωIR − ωq) + iΓq
, (6.10)

where←→α (2)
NR is the non–resonant contribution and←→a q,ωq and Γq denote the strength,

resonant frequency and damping constant of the qth vibrational mode, respectively.
Correspondingly, we have

←→χ (2)
S =←→χ (2)

NR +
∑

q

←→
A q

(ωIR − ωq) + iΓq
. (6.11)

If the infrared input is tunable and scans over vibrational resonances, the resonant
enhancement of the SF output naturally yields a surface vibrational spectrum. Such
spectra with different input/output polarization combinations can yield information
about surface composition and structure in a local surface region. This technique
has found many applications in many areas of surface science. However, only a few
studies combining SFG vibrational spectroscopy and optical microscope techniques
have been reported.
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6.3.2 Far–Field SFG Microscopy

Combination of SF vibrational spectroscopy with optical microscopy allows detec-
tion or mapping of selective molecular species at a surface or interface. It also has
the advantage of an improved spatial resolution in comparison to conventional FTIR
microscopy because the resolution is now limited by the SF wavelength instead of
the IR wavelength. This is similar to Raman microscopy, but the latter is not surface
specific.

Flörsheimer has extended his development of SH microscopy to SF microscopy
[5,42]. The experimental arrangement with the input beams in total reflection geo-
metry is depicted in Fig. 6.5a. A Langmuir–Blodgett monolayer film to be imaged
is adsorbed on the base surface of a prism. Two input beams enter by the two hypo-
tenuse faces of the prism and the SF output exits from the film surface at an oblique
angle.

Microscope
objective

Sum frequency
signalmonofilm

Visible
light

Infrared
light

a)

Fig. 6.5. (a) The thin film is deposited on the prism and is illuminated with two p–polarized
pulsed beams, ωVis and ωIR, impinging on the film in the total reflection geometry. The visible
frequency, ωVis, is fixed at 18800 cm−1 and the infrared frequency, ωIR, is tunable. No output
analyzer is used and the SF signal is found to be mainly p polarized. (b) Sum frequency
image of a LB monolayer of arachidic acid. The infrared frequency (2962 cm−1) is tuned
to the anti–symmetric stretching mode of methyl groups. Note that the scale bars are not of
equal size due to the oblique incidence of the collecting objective. Figure 6.5b is reprinted
with permission from [42]. Copyright (1999) American Chemical Society

Figure 6.5b shows an SFG image of a monolayer of arachidic acid molecules
obtained with parallel imaging with the IR frequency set at 2962 cm−1 in reson-
ance with the CH3 stretching mode. The image exhibits dark holes and clear non–
uniformity in the illumination region. Similar experiment with the IR frequency at
2850 cm−1 in resonance with the methylene stretch yielded little SF signal. These
results indicate that the alkyl chains of the monolayer are in nearly all–trans config-
uration. The bright areas in the image in Fig. 6.5b represent regions with a densely
packed molecules in trans conformation. The dark holes likely originate from a lack
of molecules in the areas. They were not observed in freshly prepared LB films, but
appeared and grew with time due to a dewetting or desorption.
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In the experimental geometry of Fig. 6.5a, emission of SF output at an oblique
angle could lead to image distortion in the parallel imaging process and deterior-
ation of spatial resolution. The problem could be solved by having the SF output
emitted normal to the surface. Unfortunately this may not be possible with the total–
reflection geometry described in Fig. 6.5a. Matching of wave–vector components
along the surface would require that the visible input beam be transmissive at the
surface.

6.3.3 Near–Field SFG Imaging

Spatial resolution of SF microscopy can be improved to much below micron scale
by near–field detection of the SF output, as demonstrated independently by Shen et
al. [13], Schaller and Saykally [62] and Humbert et al. [63]. However, so far, only
studies of SFG–allowed media have been reported.

The experimental setup of Shen et al. is described in Fig. 6.6a. It allows near–
field imaging of SHG and SFG as well as topography of a sample with a lateral
resolution of about 120 nm. The wavelengths of the two input beams from a nsec
laser are fixed at 1.047 µm and 0.524 µm in the experiment. SHG and SFG from the
sample deposited on the base surface of the prism are generated in the total reflection
mode. The spatial variations of the evanescent waves above the sample surface are
probed via optical tunneling by an Al–coated fiber with a 120 nm aperture attached
to an XYZ piezoelectric scanner. With a shear force feedback to keep the probe–
sample distance constant, the fiber tip also yields the surface topography as the
probe scans the sample surface. Figure 6.6b shows the surface topography as well
as the SH and SF microscopy images of three isolated NNP (N–(4–nitrophenyl)–
(L)–prolinol) nanocrystals of ∼360 nm in size that were deposited on the prism
surface. The three images appear to be well correlated.

Schaller and Saykally [62] have performed near–field SFG microscopy with a
tunable IR input. They adopted a commercial NSOM head for collection of the SF
output (Fig. 6.7a). A femtosecond Ti:sapphire laser was used to provide the visible

Fig. 6.6. (a) Optical set up used for both SHG and SFG photon scanning tunneling micro-
scopy. (b) Topography, SH and SF images of NNP nanocrystals [13]
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input and to pump an optical parametric amplifier/difference frequency generator
system to generate the tunable IR input. The microscopy was applied to a thin film
of ZnSe with the IR wavelength varied from 3.1 to 4.4 µm. Figure 6.7b shows the
surface topography and SF images at two IR wavelengths for a 10 µm2 area of the
sample. The SF images reveals strain patterns that are not observable in the surface
topography. The lateral spatial resolution is estimated to be about 1/20 of the IR
wavelength.

Fig. 6.7. (a) Setup for SFG–NSOM. The uncoated NSOM fiber probe tip (apex ∼50 nm)
operates in the collection mode. Infrared light is tunable from 2.8 to 10 µm. The two input
beams overlap over a surface of 100 µm2. (b) Topographic and SFG images (10 µm2) of
ZnSe thin film deposited on a substrate by chemical vapor deposition. Topographic and SH
images are simultaneously acquired in 30 min. The spatial resolution is estimated to be 190
nm. Reprinted with permission from [62]. Copyright (2001) American Chemical Society

6.4 Third Harmonic Generation Microscopy

While second–order nonlinear optical processes require a medium without inversion
symmetry, third–order processes such as third–harmonic generation are allowed in
any medium. The nonlinear polarization induced in a medium responsible for THG
is

P(3)(3ω) = ε0
←→χ (3) : E(ω)E(ω)E(ω), (6.12)

where←→χ (3) is the third–order nonlinear susceptibility for the process. In the plane
wave approximation, the TH output is given by

S (3ω) ∝
∣∣∣χ(3)

eff
(φ)

∣∣∣2 I(ω)I(ω)I(ω), (6.13)

with,

χ(3)
eff

(φ) =

(←→
L 3ω · ê3ω

)
· ←→χ (3) :

(←→
L ω · êω

) (←→
L ω · êω

) (←→
L ω · êω

)
. (6.14)



6 Nonlinear Optical Microscopy 27

If the fundamental input beam is strongly focused in the bulk of the medium, then
the TH output becomes [64,17]

S 3ω ∝ P3
ω

∣∣∣∣∣∣
∫ l

0

χ(3)(z′) exp(i∆kz′)dz′

(1 + 2iz′/b)2

∣∣∣∣∣∣
2

, (6.15)

where the integration extends over the length of the medium, Pω is the fundamental
beam power, kω and k3ω are the wave vectors at ω and 3ω, respectively, b = kω.w2

0
is the confocal parameter of the fundamental beam with a waist radius of w0 and
∆k = 3kω − k3ω is the phase mismatch. The integration in (6.15) nearly vanishes
if ∆k ≤ 0 and l � 1/∆k but is finite for ∆k > 0 [17]. However, in a medium
with normal dispersion, we expect ∆k < 0 and hence a vanishing THG. Since third
order nonlinearity away from resonance is generally very weak and tight focusing
for THG is often required, this is obviously a shortcoming for using THG as a probe.
Nevertheless, Tsang has pointed out that with focusing at an interface, the symmetry
of the focusing geometry is broken and (6.15) needs to be modified [65]. Then even
with ∆k < 0, THG in the forward direction can be appreciable.

In combination with a transmission optical microscope, THG can be used to
image a transparent sample with a 3–D microscopy capability. Indeed, liquid crystal
phase transitions [66], semiconductor microstructures [67], optical fiber structures
[68,69] and biological samples [7,70] have been investigated with this technique.
Recently, Schaller et al. have imaged red blood cells using THG–NSOM [14].

To illustrate the 3–D imaging capability of THG microscopy, we present in Fig.
6.8 the experimental setup and result of Squier et al. [71]. A regeneratively ampli-
fied femtosecond Ti:sapphire laser is used to pump an optical parametric amplifier,
whose output is focused on the sample for TH imaging. The sample is mounted
on an XYZ scanning stage. Figure 9.6 in Chap. 6.7 shows an example of such an
image. The 3–D array of letters inscribed in a glass can be recognized with micron
resolution.

Spectrosc.

CCD
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L L
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O1

S Ms

Ms

F2

F1

Fig. 6.8. Optical setup used by Squier et
al. for both writing and reading microdam-
age patterns in optical glass: OPA: optical
parametric amplifier, F1: long pass filter,
Ms: scanning mirrors, O1 and O2: objective
lenses, F2: blocking filter, M1: insertable mir-
ror [71]
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6.5 Coherent Anti–Stokes Raman Scattering Microscopy

Similar to THG, coherent anti–Stokes Raman scattering (CARS) is a third order
four–wave mixing process but is resonantly enhanced at vibrational resonances, and
is a powerful vibrational spectroscopic tool [72]. The process involves two input
waves at frequencies ωP and ωS with ωP−ωS tuned to a vibrational resonance of the
medium. The two inputs overlap in the medium and induce a third–order nonlinear
polarization in the medium at the anti–Stokes frequency ωAS = 2ωP − ωS:

P(3)
ωAS

= ε0
←→χ (3) : E(ωP)E(ωP)E∗(ωS), (6.16)

which is the radiation source for CARS. Similar to SFG (6.11), the nonlinear sus-
ceptibility can be written as the sum of a non–resonant and a resonant term:

←→χ (3) =←→χ (3)
NR +

∑

q

←→
A q

(ωP − ωS) − ωq + iΓq
. (6.17)

Under the plane–wave approximation, the CARS output intensity from a uniform
sample of thickness d is given by

S (ωAS) ∝
∣∣∣χ(3)

eff

∣∣∣2 I2
PIS sin2 (|∆k| d/2) / |∆k|2 , (6.18)

where ∆k = 2kP − kS − kAS and

χ(3)
eff

=

(←→
L ωAS · êωAS

)
· ←→χ (3) :

(←→
L ω1 · êω1

) (←→
L ω1 · êω1

) (←→
L ω2 · êω2

)
. (6.19)

In the case of a strongly focused geometry or a heterogeneous medium, (6.18) needs
to be modified, but the characteristic dependence of the CARS output on the phase
matching ∆k is still approximately true. For CARS generated in the forward direc-
tion (F–CARS), |∆k| is generally much smaller than 1/λAS. For CARS generated in
the backward direction (E–CARS, where E stands for epi–detection), |∆k| is larger
than 2π/λAS. From a thin sample, F–CARS and E–CARS, both having |∆k|d � π,
are expected to have nearly the same signal intensity. From a thick sample with
|∆k|d < π for F–CARS but |∆k|d � π for E–CARS, F–CARS should have a much
stronger output than E–CARS.

Xie and coworkers [10,73] have studied theoretically the ratio of E–CARS and
F–CARS outputs in strongly focusing geometry by varying the sample thickness
d. They show that the E–CARS output reaches the relative maximum at d=0.65λP.
Incorporation of CARS into optical microscopy provides microspectrometric ima-
ging of materials. Duncan and coworkers first used CARS microscopy with psec
laser pulses to image biological cells soaked in deuterated water [74–76] . Asides
from being able to selectively map out distributions of molecular species via their
vibrational resonances, it also has a number of other advantages compared to, in
particular, Raman spectroscopy. (1) Since the CARS intensity (6.18) is proportional
to I2

PIS, both the lateral and the axial resolution are ∼ √3 times better than that
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of linear optical microscopy. For ωP − ωS=3053 cm−1 (CH ring stretching mode),
a lateral resolution around 300 nm and an axial resolution around 1.6 µm (even
without a confocal pinhole) have been obtained [77]. (2) A moderate laser intensity
and power can be used to avoid damaging of biological samples like living cells. (3)
The anti–Stokes emission in CARS is spectrally separable from fluorescence as its
wavelength is shorter than λP. (4) Transparency of the medium to the input waves
allows 3–D microscopy and imaging of buried samples.

Recently, Zumbusch et al. [77] and Volkmer et al. [73] have developed F–
CARS and E–CARS microscopy in the 2600–3300 cm−1 region using femtosecond
pulses generated by a Ti:sapphire laser and an associated optical parametric oscil-
lator/amplifier (Fig. 6.9a). The input beams are focused through a 60× oil–immersion
objective with NA=1.4. A similar objective was used to collect the signal in both
forward and backward directions. The broad spectral width of femtosecond pulses
limits the spectral resolution to ∼ 60 cm−1, as seen in Fig. 6.9b. For better spectral
resolution longer input pulses with a narrower spectral width are required.

Fig. 6.9. (a) Optical Scheme of the collinear configurations for F– and E–CARS microscopy
with collinear pump and Stokes beams and confocal detection in both forward and backward
directions [73]. (b) CARS and spontaneous Raman spectra of a 910 nm polystyrene bead. For
CARS, the pump wavelength (νP) was fixed at 854 nm and the Stokes wavelength (νS) was
tuned from 1.12 to 1.17 µm. The spectral resolution is estimated to 60 cm−1 [77]

The 3–D imaging capability of CARS microscopy is shown in Fig. 6.10a where
images of polystyrene beads are presented. The Raman transition probed is the CH
ring stretch mode of polystyrene at 3038 cm−1. The lateral spatial resolution ob-
tained is around 300 nm.

If the sample is immersed in a liquid, the non–resonant background contribution
from the solvent can significantly distort the CARS signal [78]. In such a case, since
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the overall thickness of the solution with the sample is much larger than the input
wavelengths, the background contribution in F–CARS is much larger than in E–
CARS. In fact, because of |∆k| � 2π/λAS, the background contribution in E–CARS
from the solvent is largely suppressed. Figure 6.10b shows an E–CARS image taken
at ωP − ωS=1570 cm−1 of a human living cell (75 × 75 µm2 in size) in an aqueous
solvent. It clearly exhibits many detailed features. The total imaging time was about
8 min.

Fig. 6.10. (a) CARS section images (20 × 20 µm2) of 910 nm polystyrene beads around a 4.3
µm bead taken at ωP−ωS=3038 cm−1. Sectioning is in the z direction with 1.2 µm increments.
The average powers of femtosecond pulses incident on the sample were 120 mW and 50 mW
at 855 nm and 1.155 µm, respectively [77]. (b) E-CARS image with a Raman shift of 1570
cm−1 of an unstained human epithelial cell in an aqueous environment (size: 75 × 75 µm2).
The average powers of picosecond (f =100 kHz) Stokes (800 nm) and pump (741 nm) pulses
were 1 an 2 mW, respectively. The lateral profile of the image displays features as small as
375 nm. Figure 6.10b is reprinted with permission from [10]. Copyright (2001) American
Chemical Society

6.6 Multiphoton Excited Fluorescence Microscopy

Two–photon fluorescence microscopy was first developed by Webb and coworkers
for applications to biological and medical sciences [9]. Its main asset comes from
the 3–D imaging possibility to probe endogenous or exogenous fluorophores [79,80]
with a good lateral and axial resolution using either the scanning or the confocal
scheme. The technique has brought many new research opportunities to life science
and is becoming a routine microscopy tool in many laboratories. Three–photon ex-
cited fluorescence microscopy has also been demonstrated. An excellent review on
the subject can be found in [81].

Multiphoton–excited fluorescence microscopy offers several advantages over
confocal one–photon fluorescence microscopy [82]. First, the pump beam is now
in the transparent region that allows deeper probing into the sample [11,83]. The
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larger difference in wavelength between the pump and the fluorescence makes spec-
tral filtering in signal detection much easier [84,85]. The much weaker absorption of
pump radiation significantly reduces thermal distortion and photobleaching hazards
on a sample. Second, because of the power dependence on the excitation intensity,
the fluorescence originates mainly from the tight focal region. Therefore, section-
ing of planes in 3–D imaging is limited only by the focal volume, and a confocal
pinhole is often not required to suppress the out–of–focus fluorescence background.
Probing volumes smaller than femto–liters have been reported .

Recent advances of multiphoton–excited fluorescence microscopy have been
helped by the development of efficient fluorescent dyes with large multiphoton ab-
sorption cross–sections [86]. Work has been focused on improvement of the spatial
resolution and reduction of the laser power needed. We review here a few most
promising techniques and their combination with NSOM.

6.6.1 Two–Photon Excited Fluorescence (TPEF) Microscopy

We consider here both far–field and near–field versions of TPEF. Far–field TPEF is
already widely used for characterization of biological samples because of its 3–D
imaging capability. Near–field TPEF finds its interest in surface studies of micro-
scope systems that allow simultaneous imaging of the surface topography and the
different domains tagged by specific fluorophores.

Far–field TPEF Microscopy Two–photon–excited fluorescence yield from a sample
is proportional to the number of molecules excited per unit time by two–photon ab-
sorption and the fluorescence efficiency η. It can be written as [79]

F(t) = ησ2

∫

V

C(r, t)I2(r, t)dV, (6.20)

where σ2 is the two photon absorption cross–section, C(r, t) is the density of mo-
lecules in the ground state at r and t, and I is the exciting laser intensity. For common
chromophores with excitation wavelength ranging from 690 nm to 1050 nm, σ2 is
about 10−48 to 10−50 cm4s/photon [79]. Owing to the quadratic dependence of TPEF
on laser intensity, the fluorescence in TPEF comes from a much reduced volume as
compared to one–photon excited fluorescence [87]. Consider a tightly focused gaus-
sian laser beam in a medium. If the beam attenuation in the medium is neglected,
the input intensity distribution is given by

I(ρ, z) =
2P

πw2
0(z)

exp
(−2ρ2

w2
0(z)

)
, (6.21)

where z is in the propagation direction with z=0 at the center of the focus and

w0(z) =
λ

π(NA)

√
1 +

(4π(NA)2z
λ

)2
(6.22)
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is the beam radius with λ being the wavelength and NA the numerical aperture.
Taking the values NA=0.45 and λ=794 nm, the calculation shows that one–photon
fluorescence comes equally from mainly from a 1.9 µm section in depth around the
focal region [87]. TPEF microscopy images are often obtained with a scanning mi-
croscope. The laser beam is focused to a diffraction–limited beam waist of about
1 µm and is raster–scanned across a specimen. To improve the axial resolution, a
confocal pinhole placed in front of the detector can be used as a spatial filter to
selectively detect fluorescence from a particular section plane in the focal region.
However, owing to the intrinsic sectioning capability of TPEF mentioned earlier,
the pinhole is not always required [88]. Because of the small two–photon absorp-
tion cross section of fluorophores, focused excitation intensity in the MW cm−2 to
GW cm−2 range is often needed for detectable fluorescence. For fast scanning, CW
mode–locked (femtosecond pulsed) lasers with moderate peak power but low mean
power are better suited.

Fig. 6.11. Far–field TPEF micro-
scopy setup. RG630, red–pass fil-
ter; BE, 5× beam expander; DC,
dichroic mirror; PMT, photomul-
tiplier tube [79]

Typical setup can be found in references [79,87,89]. An example is given in Fig.
6.11. Femtosecond pulses from a Ti:sapphire laser with an 80 MHz repetition rate is
focused on a sample with a microscope objective of high NA. TPEF is epi–collected
by the same objective and sent either directly to the detector [79,89] or after being
spectrally resolved using a polychromator [87]. The 3–D image can be obtained by
scanning of the laser focal spot on the sample in the x − y plane with a galvano-
meter mirror and in the z direction by translation of the microscope objective [89]
or the sample mounted on a piezoelectric ceramic. The spatial resolution of TPEF
microscopy is similar to that of one–photon excited fluorescence microscopy des-
pite the difference in excitation wavelengths, with typical values of 0.3 µm laterally
and 0.9 µm axially [90]. The axial resolution can be improved by up to 50% with
the addition of a confocal pinhole [91].

Near–Field TPEF Microscopy Coupling of NSOM microscopy with fluorescence
measurement was initially developed for single–molecule spectroscopy imaging
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[92] or time–resolved studies [93,94]. It has been used to probe single molecules,
quantum dots and macromolecules on surfaces with a spatial resolution better than
20 nm [95–98].

Near–field TPEF microscopy has also been developed in recent years. Jenei et al.
[99] used picosecond pulses from a Nd:YVO4 laser to induce TPEF from labelling
dye in a sample and an uncoated fiber tip for both excitation and collection of the
fluorescent signal from the sample. Figure 6.12 shows their setup and the observed
surface topography and TPEF image of a labelled mitochondria cell. The spatial
resolution obtained was better than 200 nm. Similar resolution was achieved by
Lewis et al. using femtosecond pulses from a Ti:sapphire laser to probe individual
Rhodamine 6G molecules [100].

Nd:YVO
4

1.06 mm
Det.

Coupler

Opt.Fiber

Sample

Filters

Dichr.

a)

Fig. 6.12. (a) Optical configuration of TPEF combined with a scanning near–field optical
microscope. The laser excitation of the sample is through an optical fiber tip which also
collects the TPEF signal. The tip–sample distance is regulated by a shear force mechanism.
(b) Topography of stained mitochondria cell. (c) TPEF image from the same area. Adapted
from [99]

Hell et al.[15] and Kirsch et al.[101] showed that it is also possible to use a CW
laser as the excitation source for TPEF microscopy and obtain good microscope
images. An example is shown in Fig.6.13, where both far–field and near–field TPFE
images of a chromosome stained with a dye are presented. The near–field image
appears to have a better spatial resolution (150 nm).

Another variation of TPEF–NSOM has been developed by Sànchez et al. [102].
They used femtosecond laser pulses to illuminate a sample and a sharp gold tip near
the surface to locally enhance the optical field at the sample (Fig. 6.14a). Such a
local field enhancement can be very large and highly localized. In TPEF–NSOM,
it strongly enhances the two–photon excitation and hence fluorescence from the
sample area under the tip. (The same concept can be applied to other linear and
nonlinear optical imaging techniques). Operating in both AFM and NSOM modes,
the apparatus allows simultaneous imaging of surface topography and fluorescence
microscopy. An example shown in Fig. 6.14b and c reveals features in fragments
of photosynthetic membranes as well as J–aggregates with a resolution of 20 nm
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Fig. 6.13. (a) Far–field TPEF microscopy image of a stained chromosome using a CW ArKr
laser excitation (λ=647 nm, P=100 mW, acquisition time 4 s). (b) Near–field TPEF micro-
scopy image of the same stained chromosome [15]

that roughly corresponds to the tip apex. As pointed out by the authors, the use of
a metal tip a few nanometer away from a fluorophore may quench the fluorescence.
Therefore, proper fluorophores with rapid energy transfer should be used in such
a technique. Kawata et al. have studied theoretically the optical field enhancement
from metallic and dielectric tips of various shapes. Laser heating of the tips does
not appear to be important. The lateral resolution of such an apertureless near–field
microscope is estimated to be in the nanometer range [103].

Fig. 6.14. (a) NSOM–TPEF set up with metallic tip excitation. The light source is a
Ti:sapphire laser (λ=830 nm, τ=100 fs, f =76 MHz). The beam is sent into an inverted fluor-
escence microscope, reflected by a dichroic beam splitter and focused by a microscope ob-
jective (NA=1.4, 60 × 4) on the sample surface. The metal tip is centered onto the focal
spot. The TPEF is collected by the same objective lens and detected either by an avalanche
photodiode or analyzed by a spectrometer in conjunction with a CCD camera. Simultaneous
topography image (b) and near–field TPEF image (c) of J–aggregates of pseudoisocyanine
dye embedded in polyvinyl sulfate were obtained using the apparatus [102]
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6.6.2 TPEF Far–Field Microscopy Using Multipoint Excitation

Introduced by Hell et al. [104,105] and Buist et al. [106], parallel microscopy ima-
ging using a two–dimensional microlens array has been proved to be a powerful
instrument for fast image acquisition without increasing excitation intensity. This is
possible because TPEF is confined to the small focal volumes. The microlens array
splits an incident laser beam into beamlets that separately focus into the sample;
the number of focal points equals to the number of microlenses. Fluorescent sig-
nals from the focal regions are collected by a 2–D photodetection system. Shown
in Fig. 6.15 is the apparatus developed by Bewersdorf et al. that permits real–time
3–D imaging with high efficiency and resolution [105]. The expanded beam from a
femtosecond laser illuminates a section of microlenses etched on a disk each hav-
ing a diameter of 460 µm and a focal length of 6 mm. The overall arrangement of
the microlenses on the disk form a pattern of spirals with 10 rows. The multiple
beamlets pass through intermediate optics and form an array of independent foci
on the sample with the help of an objective lens that is also used for collection and
mapping of fluorescence from the multiple foci onto a CCD camera. Rotation of the
microlens disk allows for scanning of foci in a sample plane. The image acquisition
speed depends on the number of lenses arranged in rows and the rotation frequency
of the disk. Bewersdorf et al. have used an acquisition speed 40 to 100 times faster
than that of a single–beam scanning TPEF, permitting real–time TPEF imaging of
living cells. The spatial resolution they obtained was similar to those of conventional
TPEF microscope with an axial resolution of about 0.84 µm when an oil immersion
objective lens was used.

Fig. 6.15. Optical setup of a mul-
tifocal multipoint microscope for
real–time direct–view TPEF mi-
croscopy. L: lenses, ML: mi-
crolens disk, M: mirror, DM: di-
chroic mirror. The inset shows the
array of a spiral arrangement of
microlenses on the disk [105]

6.6.3 4–Pi Confocal TPEF Microscopy

4–Pi confocal microscopy is 3–D TPEF microscopy technique developed to improve
the axial resolution of far–field microscopy [107]. An axial resolution of about 100
nm has been demonstrated [108]. The scheme involves excitation of the sample
by counter–propagating beams through two objective lenses with high numerical
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aperture (Fig. 6.16a). The overall excitation aperture of the system would approach
4π if the aperture extended by each lens were 2π. The acronym of the system 4–Pi
was chosen as a reminder of this arrangement.

Detector

Confocal
pinhole

L3

L1 L2Sample
a)

Fig. 6.16. (a) Setup of the TPEF 4–Pi confocal microscope. The numerical aperture of the
100× oil immersion objectives is 1.4 [109]. (b) Microscopy images obtained with various
schemes: two photon confocal (top), two photon 4–Pi confocal (center), two photon 4–Pi
confocal after side–lobe removal (bottom). The right column shows the intensity profiles of
the fluorescence along the lines indicated in the respective images [108]

The two counter–propagating beams interfering in the focal region should yield
an intensity distribution with a main peak several times narrower in the axial dir-
ection than that obtainable by a single focused beam. Furthermore, fluorescence
from secondary interference peaks (axial lobes) along the axis in the focal region
can be significantly reduced by a confocal pinhole (Fig. 6.16a) and by a deconvolu-
tion procedure using a restoration algorithm [109]. Figure 6.16b shows as example
axial images of a fibroblast cell using various schemes (confocal, 4–Pi confocal,
4–Pi confocal with axial lobes removed). The excitation source was a mode–locked
femtosecond Ti:sapphire. The 4–Pi confocal microscopy image with axial lobes sup-
pressed obviously has the best axial resolution. It reveals details on a scale less than
200 nm.

6.6.4 Simultaneous SHG/TPEF Microscopy

SHG and TPEF can be simultaneously generated from a sample by a focused beam
and detected in the same microscopy system. Both processes have an output propor-
tional to the square of the input laser intensity, but one is coherent and the other
incoherent. If they are pumped by the same laser input, then, as shown in Fig.
6.17a, both experience the same two–photon resonant excitation. However, SHG
is surface–specific in media with inversion symmetry and TPEF is not. Thus the
two processes can provide complementary information about the sample. Lewis and
coworkers [37,38] and Moreaux et al. [36,89,110], have used combined SHG/TPEF
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microscopy to study biological membranes. In the setup of Moreaux et al., femto-
second pulses from a Ti:sapphire were used for excitation of a sample through a
microscope objective. The SHG output in the forward direction was collected by a
lens while TPEF was epi–collected with the help of a dichroic mirror. Three dimen-
sional SHG and TPEF images were obtained by scanning the laser focal spot in the
x − y plane with galvanometer mirrors and in the axial direction by translation of
the objective. Presented in Figs.6.17(b) and (c) are vesicles images acquired in 1.5 s
with an excitation power less than 1 mW [89]. They provide an excellent example of
complementarity of SHG and TPEF: the adhesion between the two vesicles appears
to be centrosymmetric as it contributes to TPEF but not to SHG.
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Fig. 6.17. (a) Level diagrams
describing two–photon excited
fluorescence and second har-
monic generation. (b) SHG and
(c) TPFE images of labelled ves-
icles excited by laser input at λ=

880 nm (τ=80 fs, f =80 MHz,
P ≤1 mW) [89]

6.6.5 Three–Photon–Excited Fluorescence Microscopy

Three–photon–excited fluorescence microscopy has also been demonstrated. The
cubic dependence of fluorescence on the local input laser intensity allows further
improvement of the spatial resolution as compared to TPEF. For samples such as
amino acids, proteins and neurotransmitters that are susceptible to photodamage by
one–photon absorption in the ultra–violet and residual absorption in the visible–
red range, the three–photon–excited fluorescence scheme with a near–infrared input
beam could avoid the damage and seems to be most suitable for microscopy. Using
femtosecond Ti:sapphire laser pulses for excitation, Gryczynski et al. successfully
imaged the triptophan residues [111] and Maiti et al. imaged neurotransmitters in
living cells [85].

A lateral and axial resolution of ∼ 0.2 and ∼ 0.6 µm has been achieved [80]. The
main disadvantage of the technique is the narrow window of operation. Because the
three–photon absorption cross–section of a sample is generally very small (10−75–
10−84 cm6 s2 photon−2), high peak laser intensity is required for excitation that likely
causes damage of the sample.
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6.6.6 Stimulated–Emission–Depletion (STED) Fluorescence Microscopy

Recently, Klar et al. proposed and demonstrated an interesting idea that can signi-
ficantly improve the spatial resolution of fluorescence microscopy [112]. It involves
fluorescence quenching of excited molecules at the rim of the focal spot through
stimulated emission thus significantly reducing the focal volume that emits fluores-
cence. This is accomplished by passing the quenching laser beam through an optical
phase plate, yielding a focused wave front that produces by destructive interference
a central minimum at the focal point. In the experiment (Fig. 6.18a), two synchron-

Fig. 6.18. (a) STED microscope setup. Excitation pulse is followed by fluorescence quench-
ing pulse. Fluorescence is then detected after passing through dichroic filters and a confocal
pinhole. (b) and (c), Intensity distributions of fluorescence along x and z (axial direction) in
confocal and in confocal STED microscopy, respectively. The latter has an axial width of
97 nm which is 5 times narrower than in (b) [112] (Copyright (2000) National Academy of
Sciences, U.S.A.)

ized pulses from a Ti:sapphire laser/optical parametric oscillator system with a 76
Mhz repetition rate were used: a visible pulse with a 0.2 ps pulsewidth for excit-
ation followed by a near–infrared pulse with a 40 ps pulsewidth for fluorescence
quenching. The visible pulse at λ=560 nm originated from the optical paramet-
ric oscillator with an intracavity frequency doubler and the near–infrared pulse at
λ=765 nm came directly from the laser. The fluorescence was epi–collected by an
avalanche photodiode after passing through a confocal pinhole. The lateral and axial
resolutions obtained were ∼100 nm, which is an improvement of a factor 5 in the
axial direction and 2 in the lateral one, compared to ordinary confocal microscope
(Fig. 6.18(b) and (c)).

Besides the improvement on spatial resolution which compete with most near–
field optical microscopes, STED microscopy can also find other important applic-
ations in studies of ultrafast dynamics. The ultrafast control of fluorescence un-
der microscopy conditions opens new opportunities for transient microscopy and
spectroscopy of nano–objects. It should also have interesting perspectives in single
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molecule spectroscopy such as control of individual excited molecules with femto-
second time resolution [113].

6.7 Conclusion

In this contribution, we have briefly surveyed the field of nonlinear optical micro-
scopy and presented a few examples of contemporary applications. The survey is
by no means complete. The field is still at its infant stage. Further development of
the techniques and their applications can be anticipated. As in the past, future ad-
vances would benefit from having better lasers, better optics and optical systems
and better photodetectors. For example, an efficient high–speed detection and data
acquisition system incorporated with an optimized pulse laser excitation scheme
would allow in–situ probing of time–dependent surface reactions on nanostructures
or in–vivo study of biological cells. Compared to linear–optics, nonlinear optics
has the advantage that it probes a larger domain of material properties. SHG and
SFG, for example, are unique in their abilities to probe selectively surfaces and
interfaces. However, nonlinear optics also has the disadvantages that it generally
requires stronger input laser intensity and the effects are more complex. The latter
point is important for interpretation of the observed microscopy images. In particu-
lar, a clear understanding of the effects in near–field microscopy is essential for the
future progress of nonlinear NSOM.
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ges. Phys. Chem. 9, 521 (1994)
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